High-radiance lasers are desired for many applications in defense and manufacturing. Spectral beam combining (SBC) by volume Bragg gratings (VBGs) is a very promising method for high-radiance lasers that need to achieve 100 kW level power. Laser-induced heating of VBGs under high-power radiation presents a challenge for maintaining Bragg resonance at various power levels without mechanical realignment. A novel thermal tuning technique and apparatus is presented that enables maintaining peak efficiency operation of the SBC system at various power levels without any mechanical adjustment. The method is demonstrated by combining two high-power ytterbium fiber lasers with high efficiency from low power to full combined power of 300 W (1.5 kW effective power), while maintaining peak combining efficiency within 0.5%.
Introduction
High-brightness lasers are needed for many applications in defense and manufacturing. Rare-earth doped fiber lasers and amplifiers promise robust diffraction-limited high-power output, but thermal and nonlinear effects limit the single-mode output power of single source fiber lasers [1] . Novel fiber geometries and high-order modes are being explored to circumvent these limits, but have not yet been scaled to high power [2] [3] [4] [5] [6] [7] .
Ultimately, whatever power can be achieved by a single source can be increased by beam combining. Spectral beam combining (SBC) by volume Bragg gratings (VBGs) is a very promising method for high-radiance lasers that need to achieve 100 kW level power. High-power SBC results have been reported with surface diffraction gratings that typically combine beams with greater than 1 nm of spectral separation [8, 9] . VBGs recorded in photothermo-refractive (PTR) glass are the key combining elements for very high-density SBC. It is possible to combine beams with high efficiency and beam quality using such elements with less than 0.25 nm spectral separation between beams while keeping the spectral width of an individual laser above 10 GHz (0.03 nm). Kogelnik's paper on coupled wave theory for thick holograms has formed the basis of theory for the design of VBGs [10] . The engineering principles for the design of VBGs have been previously published [11, 12] . High-power, high-efficiency SBC by VBGs has also been previously reported [13, 14] , as well as a method to optimize the design of VBGs for SBC for an arbitrary number of combined beams [15] .
Brightness in a spectral combining system based on VBGs is increased by transmitting a beam of a nonresonant wavelength and diffracting a beam with a resonant wavelength. The two beams must be collinear at the VBG output. However, high-power laser radiation heats the glass, causing thermal expansion and a shift in the VBGs' Bragg wavelength. The VBG and the diffracting beam must then be realigned angularly to satisfy the new Bragg condition at the elevated temperature and to maintain collinearity with the transmitting beam. In a multistage SBC system, each successive VBG stage will experience increasing laser intensity and therefore increasing thermal load and Bragg wavelength shift. The first VBG combines two beams, while the final VBG combines N-1 transmitting beams with one diffracting beam, for an N beam combining system. This means that, without the thermal tuning method described in this paper, all stages of a multistage SBC system would need to be angularly realigned if the power of combined beams is varied.
In order to illustrate the utility of thermal tuning of VBGs, let us estimate the parameters for accuracy of alignment of VBGs for high spectral density combining. VBG-based SBC experiments with a spectral separation, Δλ, as low as 0.25 nm have been reported [16] . The VBGs used in that publication had a resonance wavelength of 1064 nm, thickness of 4.78 mm, and refractive index modulation of 211 ppm. The reflection spectrum of such a VBG modeled with Kogelnik's theory [12] is shown in Fig. 1 . To reduce interchannel leak, the transmission wavelength is matched to the third minimum of the VBG's efficiency spectrum and is 0.25 nm from the Bragg wavelength. Modeling was carried out for a monochromatic beam with divergence of 0.5 mrad (half-angle), which is diffraction limited for a 1.35 mm diameter beam. The distance between the third minimum and the nearest maxima of reflection efficiency is only 0.045 nm. A wavelength offset of this value would reduce transmittance of the grating by 7%-12% depending on the direction of the wavelength offset. The diffracting beam would also experience a reduction in efficiency for a 0.045 nm tuning error, but only by 1.5%. Maintaining very precise control of the Bragg wavelength is important for the diffracting beam but critical for the transmitting beam.
However, there is an opportunity for Bragg wavelength control by thermal tuning of VBGs that eliminates the need for precise mechanical devices. It is known that refractive index variation with a change in temperature for PTR glass is very low, below 10 −6 ∕K [17] , and therefore the change in optical path length due to a change in temperature is mainly determined by the coefficient of thermal expansion, which is about 10 −5 ∕K [18] . Therefore, the Bragg wavelength of a VBG in PTR glass can be shifted thermally at a rate of 0.01 nm per Kelvin when operating around 1064 nm, and the temperature can be easily controlled with thermo-electric controllers to within 1 K. Thus, the thermal tuning method is proposed in this paper to enable nonmechanical adjustment of a multistage system. This paper will describe the method of thermal tuning of VBGs for SBC (Section 2.A), and the thermal behavior and effect on beam quality of a laser heated VBG with thermal control (Section 2.B), and report the first SBC of two ytterbium fiber lasers by a thermally tuned VBG with high efficiency, beam quality, and a combined output power of 300 W (Section 3).
Thermal Tuning of Volume Bragg Gratings

A. Principles of Operation
Typically, a VBG-based SBC system aligned at low power to satisfy the Bragg condition for the diffracting beam(s) must be realigned angularly for high-power operation in order to compensate for the Bragg wavelength shift that occurs when the VBG temperature is changed due to a small absorption of the high-power laser radiation. This requires deployment of high-precision mechanical components and an elaborate realignment algorithm, especially for high-channel-count SBC. In the proposed thermal tuning technique, the temperature of a VBG is pre-elevated to the final operating temperature by heating the edges. A VBG mount with thermal control is shown in Fig. 2 . The VBG is surrounded with four thermo-electric coolers (TECs), which are mounted on a water-cooled plate. These TECs provide grating temperature control in the range from ∼5 to 90°C with accuracy of about 0.1 K. The initial angular alignment without any laser-induced heating must be performed at an elevated temperature. An increase in incident laser power heats the VBG center causing a thermal expansion of the grating. The VBG edge temperature is then lowered using thermal tuning to recover the original temperature at the grating center, and to maintain combining efficiency without the need for mechanical adjustment.
In order to probe the VBGs' diffraction behavior while under various heating and laser exposure conditions, a wavelength tunable, low-power probe beam was overlapped on the VBG with the high-power beam. The experimental setup is illustrated in Fig. 3 . The wavelength of the probe beam is scanned to collect the diffraction efficiency spectral profiles of the VBG with or without laser-induced heating at various edge temperatures provided by TECs.
The commercially available VBGs in PTR glass have an absorption coefficient (internal optical density divided by thickness in centimeters) as low as 2 × 10 −4 cm −1 . However, in order to simulate the effect of thermal tuning on higher power systems, a VBG with increased absorption of 1.1 × 10
was used. Due to the increase in PTR glass absorption of approximately five times, the laser-induced heating produced in the following experiments simulates heating of low-absorption VBGs by lasers of five times higher power. The high-power laser used produces a beam with a 6 mm diameter at FWe −2 M, and ∼160 W of output power. This means that the experiments described below correspond to an approximately 800 W laser illuminating a commercial low-absorption VBG. A low-power tunable laser was used with a 6 mm diameter beam at FWe −2 M, and ∼10 mW of output power. Both lasers have close to diffraction-limited beam divergence. The temperature of the VBG may be varied by either the TECs at the edge shown in Fig. 2 or laser-induced heating from the high-power laser.
The following set of examples illustrates the process of thermally controlled SBC. Figure 4 shows the VBG diffraction efficiency spectral profile for three different cases, measured with a low-power probe beam. The case of a room temperature (25°C) VBG with no laser-induced heating is shown with dots. Next, the TEC temperature was set to 70°C, resulting in a thermally induced Bragg wavelength shift to a longer wavelength of 0.45 nm. Next, the high-power beam was turned on to full power, and the TEC temperature was lowered until peak diffraction efficiency was recovered (55°C, edge temperature.). The diffraction efficiency of a probe beam diffracted from the VBG under exposure to the high-power beam (case 3) was unchanged by the laser-induced heating (compared to edge heating only-case 2). The solid line shows the diffraction efficiency spectral profile of the VBG with the high-power beam at full power and the heater temperature set to 55°C. The two curves overlap, showing identical Bragg wavelength and diffraction efficiency from low to high laser power.
B. Impact on Beam Quality
In order for VBGs to be used in practical laser systems, it is necessary to understand the impact that thermal tuning has on Bragg wavelength homogeneity, as well as the beam quality of a beam diffracted from a thermally tuned VBG. In this section we discuss both effects. The thermal gradient of a VBG across the aperture of the laser beam can affect both the diffraction efficiency and the beam focusing. Therefore, it is important to minimize the thermal gradient. Heating the edge of the grating while the high-power laser heats the center results in a thermal gradient that is smaller than it would be without edge heating.
A probe beam with a 3 mm diameter is used in order to examine the thermal profile across a VBG that has a controlled edge temperature with and without heating by high-power laser radiation. A change in Bragg wavelength as measured by the probe beam is the result of expansion or contraction of the VBG and the associated grating period at the location of the probe beam. The probe beam is translated across the VBG aperture in order to determine the transverse Bragg wavelength shift in nanometers, which relates to the thermal shift by 0.01 nm∕K. To run these measurements, the experimental setup of Fig. 3 was modified by replacing the low-power probe collimator that produces a 6 mm beam with one that produces a 3 mm beam. Figure 5 shows the Bragg wavelength shift as a result of heating across the grating aperture while the VBG is under various heating conditions. The Bragg wavelength shift is the difference between the Bragg wavelenth of the VBG under some external heating and at room temperature (no heating).
The lower solid line shows the Bragg wavelength shift as a result of heating from only the 160 W laser. The upper dashed line shows the Bragg wavelength profile while the VBG is heated from the edges to 70°C. As the higher power laser radiation was turned on, the VBG edge temperature was reduced until peak diffraction efficiency was restored (edge temperature of 55°C). The Bragg wavelength profile that resulted from applying both high-power laser radiation and edge heating is shown by the upper solid line.
As a result of a combination of laser heating in the center and TEC heating from the edges of the VBG, the Bragg wavelength gradient between the center and the edge of the VBG is significantly reduced. Also, the resulting average Bragg wavelength across the beam aperture is maintained, showing that diffraction efficiency was maintained without angle tuning the grating or spectrally tuning the laser. The M 2 beam quality of a full aperture (6 mm) test beam was measured to determine any effect the VBG thermal tuning technique may have on beam quality. Table 1 shows the peak diffraction efficiency and M 2 under various heating conditions. It is clear from these results that the thermal tuning method does not deteriorate beam quality. The first three rows are the results of changing the VBG edge temperature without any high-power radiation, while the final two rows show the results with high-power radiation at two different VBG edge temperatures. In all cases, M 2 ∼ 1.1, and diffraction efficiency was 98%.
Spectral Beam Combining with Thermally Tuned Volume Bragg Gratings
The novel thermal tuning technique, described above in detail, can be used in SBC to keep the gratings in resonance from low power up to the full power of a given SBC system. Formerly, an SBC system would be aligned such that peak combining efficiency is achieved only for a specific power level. Changing power required mechanical adjustment to maintain SBC efficiency. Angle tuning a VBG set while kilowatt-level radiation is incident on the grating is impractical as it would require high-precision motorized mechanics and a complex tuning algorithm. Thermal tuning eliminates the need for mechanical tuning and may be electronically controlled with proper feedback. Mechanical alignment is used only to make all combined beams overlapped and collinear at the output, while thermal tuning is used to maintain peak combining efficiency throughout the power range of the system. Figure 6 shows the experimental setup for twochannel high-power SBC. One VBG with thermal tuning was used to combine two high-power lasers with a spectral separation of 0.50 nm (1064 and 1064.5 nm). Figure 7 shows the experimentally found optimal VBG edge temperature as a function of output laser power. The combining efficiency for each data point is also given. From 25 to 300 W, beam combining efficiency remained virtually unchanged without any angular tuning required. It should be noted that the VBG used in this demonstration had an intentionally increased absorption coefficient of α 1.1 × 10 −3 cm −1 , 5× higher than the state of the art, in order to experimentally simulate thermally tuned SBC with a laser-induced heat load equivalent to 1.5 kW of combined laser power.
Conclusions
In high-power laser systems with SBC using VBGs, heating of VBGs by laser radiation requires angular realignment of the system for each power level. A novel thermal tuning technique is demonstrated that allows tuning of the Bragg resonance of a VBG, and was shown to maintain the beam combining efficiency of an SBC system from 30 to 25 W without affecting beam quality by maintaining the temperature and hence Bragg period in the center of a VBG at the peak of the incident laser radiation. The result is an experimental simulation of SBC of 1.5 kW of power due to the 5× increased absorption in the glass used for this experiment compared to VBGs with the lowest absorption available. With low-absorption PTR glass, this tuning technique could be applied to multikilowatt laser applications.
